The deexcitation of the primary hot fragments, produced in the breakup of an excited nuclear source, during their propagation under the influence of their mutual Coulomb repulsion is studied in the framework of a recently developed hybrid model. The latter is based on the Statistical Multifragmentation Model (SMM), describing the prompt breakup of the source, whereas the particle emission from the hot fragments, that decay while traveling away from each other, is treated by the Weisskopf-Ewing evaporation model. Since this treatment provides an event by event description of the process, in which the classical trajectories of the fragments are followed using molecular dynamics techniques, it allows one to study observables such as two-particle correlations and infer the extent to which the corresponding observables may provide information on the multifragment production mechanisms. Our results suggest that the framework on which these treatments are based may be considerably constrained by such analyses. Furthermore, they imply that information obtained from these model calculations may provide feedback to the theory of nuclear interferometry. We also found that neutron deficient fragments should hold information more closely related to the breakup region than neutron rich ones, as they are produced in much earlier stages of the post breakup dynamics than the latter.
I. INTRODUCTION
The understanding of the underlying physics governing the copious production of fragments, as a result of nottoo-peripheral collisions between heavy ions at energies above a few tens of MeV per nucleon, is a challenging task both from the theoretical and the experimental point of view [1] [2] [3] .
Theoretical treatments should, ideally, consider quantum many-body effects in a strongly interacting fermionic system that reaches stages far from equilibrium. At this point, the nuclear matter is already hot and compressed and pre-equilibrium emission starts, prior to a fast expansion that may drive the system to much lower densities [4] [5] [6] [7] [8] [9] . Since such a complete a treatment is beyond the present computational capabilities, several theoretical models, based on simplifying assumptions, have been proposed, focusing on different aspects of the collision process. Dynamical models [7] [8] [9] [10] [11] [12] [13] are the most ambitious ones as they generally aim to describe the collision from the very early phase when the nuclei are far away from each other to the late stages after the hot fragments have been created. Assuming that thermal equilibrium is attained after the most violent stages of the reaction, statistical models take the configuration of the decaying source for granted and, from it, predict the properties of the hot primary fragment distribution [2, [14] [15] [16] . This hypothesis is supported by some dynamical calculations [17, 18] , although deviations have also been pointed out [19] in others. In spite of their limitations, these approaches have provided important insights into many aspects of the multifragment emission process [2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , although a clear scenario of the phenomenon has yet to emerge, as some of the models draw conflicting pictures of it. For instance, the results reported in Refs. [7, 8] suggest that the deexcitation of the primary fragments takes place concomitantly with their creation, whereas a two-stage scenario, considering a prompt breakup followed by the deexcitation of the primordial hot fragments, has proven to be quite successful in describing many experimental observations [2, 14-16, 20, 21] .
The situation from the experimental point of view is perhaps even more complicated, as they detect the reaction products after a time span of several orders of magnitude larger than the time scale associated with the primary fragment emission [1, 4, [22] [23] [24] [25] [26] [27] [28] . Owing to this fact, most of the quantities observed experimentally are strongly skewed by the decay of the hot fragments produced in the stages one intends to investigate [14, 16, 20, 21, 29] . Therefore, this fact should be taken into account in comparisons between model calculations and experimental observations. This adds further uncertainties to the understanding of the problem as it requires additional modelling, although there are some robust observables which are expected to be weakly affected by the primordial fragments' deexcitation [30, 31] . Despite such difficulties, experimental studies have provided much important information, which has helped establish more accurate representations for the actual scenario of the multifragmentation process [1] [2] [3] . Furthermore, a few groups have recently developed techniques to reconstruct information corresponding to the freeze-out configuration from the final yields [32] [33] [34] [35] [36] [37] .
Studies based on nuclear interferometry techniques have played a very important role in determining some properties of the decaying source [38] [39] [40] [41] . Indeed, many works [38] [39] [40] [41] demonstrated that such analyses furnish information related to the size of the disassembling system as well as to the time scale associated with particle emission. However, contributions associated with the fast emission of particles originating in the hot phase of the process and others from the slow component associated with later stages may lead to ambiguities and inaccurate conclusions. This point has been addressed in recent studies that pointed out means to disentangle information associated with the fast and the slow components of the two-proton correlation functions [42, 43] .
The present study follows this line and focuses on the contribution to the two-particle correlation functions built from fragments produced in the prompt breakup of an equilibrated nuclear source, as well as in their deexcitation. We employ a hybrid model recently developed in Ref. [20] in which the Improved Statistical Multifragmentation Model (ISMM) [21] is used to describe the production of the primary fragments. On an event by event basis, the latter are allowed to propagate under the influence of their mutual Coulomb repulsion as they continuously deexcite while moving away from each other. Therefore, this treatment allows one to follow the dynamics and investigate the contributions associated with the different stages. The model is briefly sketched in Sect. II and, in Sect. III, it is applied to the two-particle correlation analysis. The sensitivity of the results to a few ingredients of the model, such as the fusion cross-section employed in the calculation of the fragment deexcitation, is also examined. We conclude in Sect. IV with a brief summary of our main findings.
II. THEORETICAL FRAMEWORK
As mentioned above, one of the simplified representations to the complex many-body scenario in which fragments are produced consists in assuming that an equilibrated source of mass and atomic numbers A 0 and Z 0 , respectively, is formed at temperature T and breaks up simultaneously into hot fragments and nucleons. The former subsequently deexcite emitting lighter fragments and nucleons, besides gamma rays (not included in this treatment), while traveling to the detectors.
In the hybrid model developed in Ref. [20] , the prompt breakup stage is described by the canonical version [16, 44] of the ISMM [21] , in which the primary hot fragments are placed inside a breakup volume V = (1 + χ)V 0 , where χ is a model parameter fixed in this work to χ = 2 and V 0 denotes the source's volume at normal density. Events are generated as follows:
: i-A fragmentation mode f is sampled among the possible ones and its statistical weight W f is calculated from the corresponding Helmholtz free-energy.
: ii-The fragments' momenta { p i } are assigned according to the Boltzmann distribution, subject to the constraint i p i = 0. Their positions are also sampled inside the breakup volume V , with the condition that i A i r i = 0, where A i stands for the mass of the i-th fragment. The dynamics starts and the fragments' trajectories are calculated using the Runge-Kutta-Cash-Karp method [45] .
: iii-Nuclei of mass number larger than 4, as well as alpha particles, are considered as complex structures, having internal degrees of freedom. Thus the excitation energy E * i of the i-th fragment of this kind is sampled with probability:
where ρ i (E * i ) denotes its density of states.
: iv-For a given excitation energy, the total decay width
One should note that t=0 corresponds to the moment the system disassembles.
: v-During the dynamics, at time t i , one of the possible decay channels λ is chosen with probability:
, where Γ λ (A i , Z i , E * i ) symbolizes the partial decay width associated with channel λ.
: vi-Then, the relative kinetic energy k of the products is sampled according to:
where c (C) denotes the emitted particle (daughter nucleus), K max the largest kinetic energy of the decay, σ cC (k) represents the fusion cross-section of the inverse reaction c + C → i, and Θ(x) is the standard step function.
: vii-The decay time t c of C is calculated as in iv above and the new particles, c and C, are added to the dynamics, which continues until the next decay takes place. When this occurs, we proceed from iv to vii.
: viii-The dynamics is followed until the Coulomb energy of the system is negligible and all the fragments in particle unstable states have decayed. One then obtains the final yields and the asymptotic fragments' momenta. 
Further details on the model are provided in Ref. [20] .
III. RESULTS
We consider the decay of the A 0 = 168 and Z 0 = 75 source, which corresponds to 75% of the 112 Sn + 112 Sn system. This choice is made assuming that 25% of the total system is emitted in the pre-equilibrium stages, leaving an equilibrated source corresponding to 75% of the colliding nuclei.
We start by examining the number of fragments produced up to time t that survive until the asymptotic configuration is reached. One notes from Fig. 1 that a small fraction (typically ≈ 10%) of the final yields has already been created in the very early stages (t < ∼ 10 fm/c) of the process and can be associated with the prompt breakup of the source. In particular, protons are created during the entire process, beginning with the fragmentation of the source but not exclusive to it. This suggests that any information they hold concerning the initial fragmenttaion will be contaminated by the post breakup dynam- ics. To a lesser extent, this conclusion holds for most species displayed in Fig. 1 .
One should, nevertheless, remark that the production of the neutron deficient carbon isotopes is concentrated in a relatively small time span, starting right after the breakup of the source. In contrast, the output of the other carbon isotopes becomes important roughly when the population of the neutron deficient ones has reached its asymptotic value. Although this conclusion might be somewhat sensitive to the treatment employed to describe the fragments' deexcitation, these findings agree qualitatively with the Expanding Evaporating Source (EES) Model which predicts that proton rich fragments are evaporated earlier than proton deficient ones [47] . We have also performed calculations with GEMINI++ which agree qualitatively with this conclusion.
In order to provide more quantitative information on this point, Figs. 2 (a) and (b) respectively exhibit, for some selected species, the time interval necessary for the fragment multiplicity to rise up to 30% and 80% of the asymptotic value. The results reveal that neutron deficient He, Li, and C isotopes are, indeed, associated with shorter time scales than the neutron rich ones. This is particularly prominent in the case of C isotopes. One notes that, except for the latter, the final population attains appreciable values only after several hundreds fm/c. Our results, therefore, suggest that there are isotopes which should be preferentially exploited in nuclear thermometry as they are expected to reflect more trustworthily properties of the system closer to its breakup configuration. In the same vein, comparison between the results obtained with a transport model and the experi- mental data reported in Ref. [48] suggests that the time span associated with the proton emission is larger than that corresponding to deuterons. Our model corroborates this conclusion, as may be observed in Figs. 1 and  2 , which show that protons are continuously produced during the post breakup dynamics. Their emission is a very important channel over a broad range of excitation energies.
Next, we examine the correlation between two fragments of momentum p 1 and p 2 , which is defined experimentally as [38, 42, 43] :
where C is a normalization constant conveniently chosen so that < R( Q, q) >→ 0 at large relative momentum q = A( p 1 /A 1 − p 2 /A 2 ). In the previous expres-
denotes the multiplicity of the species i with momentum p and Y 1,2 ( p 1 , p 2 ) represents the two particle coincidence yield of the selected species, with momenta p 1 and p 2 .
Theoretically, the correlation function can be calculated using the Pratt-Koonin formula [39, 40] 1
where Π i ( p, t, r) denotes the probability of creating a particle of species i with momentum p, at time t, at position r, and φ symbolizes the scattering wave function of the pair of particles with relative momentum q. As described in Ref. [39] , the wave function φ is calculated including contributions of the nuclear potential up to p-waves, using the Reid soft potential [49] in the case of the proton-proton system. In Ref. [38] , different Woods-Saxon parameterizations are given for proton-deuteron, deuteron-deuteron, deuteron-alpha, triton-triton, and proton-alpha systems. Two-proton and two-deuteron correlation functions obtained with our hybrid model are displayed in Fig. 3 for different values of Q. One notes that, for Q = 300 MeV/c, R(q) quickly rises from -1 to 0, exhibiting a tiny bump near q = 20 MeV/c in the two-proton case, in contrast to the two-deuteron correlation function which exhibits a noticeable peak around q ≈ 25 MeV/c. In both cases, the height of the peak increases substantially if pairs are selected subject to the constraint Q = 500 MeV/c and acceptance ±20 MeV/c. Figure 3 (a) also reveals that the peak is further enhanced if only fragments produced within 50 fm/c after the breakup of the source are considered. This sensitivity shows that the modelling of the post breakup dynamics may be improved from such studies. On the other hand, Fig. 3(b) also shows that the enhancement is almost completely suppressed if large Q acceptances are employed, in order to increase the statistics within each q bin. One should, therefore, keep in mind that large Q acceptances may obscure important features of this analysis.
Since the fusion cross-section employed in the calculation of the partial decay widths directly affects the emission rates, we investigate the sensitivity of our model calculations to this ingredient. Figure 4 (a) displays the two-proton and the two-triton correlation functions obtained using very different parameterizations for the fusion cross-section. One of them (denoted here by σ 1 ) is the standard one employed in the present hybrid model [20] , whereas the other (labelled σ 2 ) is commonly used in SMM calculations [50] . In order to illustrate the quantitative differences between the two parameterizations, the cross-sections for the 3 He + 9 Be → 12 C process, given by these prescriptions, are exhibited in Fig. 4(b) . One notes that, in spite of the important differences observed in the latter figure, the two-particle correlation functions shown in Fig. 4(a) are very similar. A small peak appears only in the two-proton case. We have checked that the similarity observed in the two-triton correlation function also occurs in the case of other light pairs. Therefore, our results suggest that information on the appropriate parameterization for the inverse reaction cross-section used in such evaporation models is difficult to be obtained from this analysis. Finally, we investigate whether the total momentum Q = p 1 + p 2 of the selected pair may be considered constant during the dynamics. We therefore evaluate the difference between Q at the moment the particles were created [ Q(t 0 )] and at the asymptotic configuration [ Q(t ∞ )]. The corresponding distribution, for all deuteron pairs which fulfill the acceptance criterion, Q = 500 ± 20 MeV/c, is displayed in Fig. 5(a) . The results show that a very small fraction of the pairs keep their total momentum unchanged during the post breakup dynamics. Furthermore, the changes are non-negligible when compared to the total momentum. In order to examine the extent to which R(q) is sensitive to this property of the fragments' dynamics, we plot, in Fig. 5(b) , the two-deuteron correlation function calculated through Eq. (2) using the particles' momenta at t 0 (full line) and the asymptotic ones (dashed line). One sees that the pronounced bump associated with the former case is almost entirely sup- pressed in the latter, which exhibits a rather flat behavior. We have checked that, in the two-proton case, approximately 20% of the pairs keep their momenta unchanged during the dynamics and that R(q) is fairly insensitive to it. It thus suggests that this point should be further investigated in order to determine the extent to which the limitations of this analysis may affect conclusions drawn from different pairs of particles employed in the calculation of R(q).
IV. CONCLUDING REMARKS
We have investigated the post breakup dynamics of an excited nuclear source using a hybrid model, recently developed in Ref. [20] . This model allows one to follow the dynamics of the fragments on an event by event basis, as they deexcite while separating under the influence of their mutual Coulomb repulsion. Therefore it is suitable to study two-particle correlations. We have investigated the time span associated with the production of different fragments and found that neutron deficient carbon isotopes are produced on much shorter time scales than neutron rich ones. This makes them particularly suited for the study of the breakup stage, as they hold information more closely related to this phase of the process, in contrast to the others, which are created much later and keep being produced over much longer periods. Our results suggest that proton rich fragments should share this feature, although this property is more pronounced in the case of C isotopes. We have also studied the PrattKoonin two-particle correlation function for several pairs of particles. Our results agree with previous calculations that show that this observable is sensitive to the size of the source and its decay rate, although it is difficult to single out, from such analyses, the best parameterization for the fusion cross-section employed in the calculation of the particle decay widths. We also found that lenient momentum acceptances employed in the selection of pairs of particles may blur important fingerprints that appear when stricter acceptances are imposed. Another important finding is that the total momentum of the pair of particles Q = p 1 + p 2 does not remain constant during the post breakup dynamics. Instead, we found that the difference between the asymptotic momentum and that at t 0 , when the particles are created, exhibits a broad bell shaped distribution, whose average value is non-negligible compared to | p 1 + p 2 | at t 0 . In the case of the two-deuteron correlation function, we found its properties to be distorted by this fact, whereas it only affects the two-proton correlation function weakly. We therefore suggest that this aspects need to be further examined. 
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